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Abstract
The growing experimental indication of Lepton Flavour Universality Violation
(LFUV) both in charged- and neutral-current semileptonic B-decays, has trig-
gered many theoretical interpretations of such non-standard phenomena. Focus-
ing on popular scenarios where the explanation of these anomalies requires New
Physics at the TeV scale, we emphasise the importance of including electroweak
corrections to obtain trustable predictions for the models in question. We find
that the most important quantum effects are the modifications of the leptonic
couplings of the W and Z vector bosons and the generation of a purely leptonic
effective Lagrangian. Although our results do not provide an inescapable no-go
theorem for the explanation of the B anomalies, the tight experimental bounds
on Z-pole observables and τ decays challenge an explanation of the current non-
standard data. We illustrate how these effects arise, by providing a detailed
discussion of the running and matching procedure which is necessary to derive
the low-energy effective Lagrangian.
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1 Introduction
The search for lepton flavour universality violation (LFUV) represents one of the most pow-
erful tool to unveil New Physics (NP) phenomena, as the Standard Model (SM) predicts
negligible LFUV effects. Interestingly enough, in the last few years, hints of large LFUV in
semi-leptonic B decays were observed by various experimental collaborations both in charged-
current as well as neutral-current transitions. In particular, the statistically most significant
results are accounted for by the following observables:
R
τ/`
D∗ =
B(B → D∗τν)exp/B(B → D∗τν)SM
B(B → D∗`ν)exp/B(B → D∗`ν)SM = 1.23± 0.07 , (1)
R
τ/`
D =
B(B → Dτν)exp/B(B → Dτν)SM
B(B → D`ν)exp/B(B → D`ν)SM = 1.34± 0.17 , (2)
where ` = e, µ, which follow from the HFAG averages [1] of Babar [2], Belle [3], and LHCb
data [4], combined with the corresponding theory predictions [5, 6], and
R
µ/e
K∗ =
B(B → K∗µµ¯)exp
B(B → K∗ee¯)exp
∣∣∣∣
q2∈[1.1,6]GeV
= 0.685+0.113−0.069 ± 0.047 , (3)
R
µ/e
K =
B(B → Kµµ¯)exp
B(B → Kee¯)exp
∣∣∣∣
q2∈[1,6]GeV
= 0.745+0.090−0.074 ± 0.036 , (4)
based on combination of LHCb data [7, 8] with the SM expectation R
µ/e
K(∗) = 1.00± 0.01 [9].
Moreover, there are additional tensions between the SM predictions and experimental data
in b → s`` differential observables, though large non-perturbative effects can be invoked to
explain the observed anomaly [10]. Yet, it is interesting that the whole set of b → s`` data
could be reconciled with the theory predictions assuming some NP contributions exclusively
in the muonic channels, see e.g. Ref. [11]. In the recent literature, many studies focused on
the experimental signatures implied by the solution of these anomalies in specific scenarios,
including kaon observables [12], kinematic distributions in B decays [13], the lifetime of the
B−c meson [14], Υ and ψ leptonic decays [15], tau lepton searches [16] and dark matter [17].
These anomalies have also triggered many theoretical speculations about the possible NP
scenarios at work. Of particular interest are those attempting to a simultaneous explanation
of both charged- and neutral-current anomalies. Such a task can be most naturally achieved
assuming that NP intervenes through effective 4-fermion operators involving left-handed
currents, (s¯LγµbL)(µ¯LγµµL) and (c¯LγµbL)(τ¯LγµνL), which are related by the SU(2)L gauge
symmetry [18]. In this setup, a necessary requirement is that NP couples much more strongly
to the third generation than to the first two, since (c¯LγµbL)(τ¯LγµνL) is already generated
at the tree level in the SM while (s¯LγµbL)(µ¯LγµµL) is loop-induced. Such a requirement
is automatically accomplished if NP is coupled, in the interaction basis, only to the third
fermion generation, couplings to lighter generations being generated by the misalignment
between the mass and the interaction bases through small flavour mixing angles [19]. In this
case LFUV is expected to be associated with lepton flavour violating (LFV) phenomena.
Another possibility consists in NP coupling to different fermion generations proportionally
to the charged lepton mass squared [20]. In this case LFUV does not necessarily imply LFV
2
at an observable level, if also NP preserves the lepton family numbers in the limit of massless
neutrinos.
In Ref. [21], electroweak corrections for B anomalies has been analyzed, focusing on a
class of semileptonic operators defined above the electroweak scale v which are invariant
under the full SM gauge group, along the lines of Refs. [18, 19, 20, 22, 23, 24, 25]. The
main new development of Ref. [21] compared to previous studies was the construction of the
low-energy effective Lagrangian taking into account the running of the Wilson coefficients of
a suitable operator basis [26] and the matching conditions when mass thresholds are crossed.
The new quantum effects pointed out in Ref. [21] do not represent just a correction to the
leading order results commonly employed in the literature, as one would naively expect.
Indeed, the low-energy effective Lagrangian contains terms that are absent at the tree-level.
Such new terms are crucial in order to establish the predictions of the model in question.
At the quantum level, the leptonic couplings of the W and Z vector bosons are modified
and a purely leptonic effective Lagrangian is also generated. The resulting LFUV in Z and
τ decays, which is correlated with the B-anomalies, and τ LFV contributions turned out to
be large, challenging an explanation of such anomalies. Such a conclusion applies under the
assumptions and approximations that will be clarified in this paper and should not be taken
as a no-go theorem for the explanation of the B anomalies. We rather think that the main
point raised by our analysis is that including electroweak corrections is mandatory when
addressing the experimental anomalies with new physics at the TeV scale.
Aim of the present work is to detail, complete and expand the results of Ref. [21]. First
of all we will derive the full effective Lagrangian relevant to leptonic and semileptonic tran-
sitions both at the electroweak scale and at the τ -mass scale. After discussing our starting
assumptions, in particular the operators dominating NP effects at the TeV scale, we present
the minimal set of SU(2) × U(1) gauge-invariant operators involved in the renormalization
group equations (RGE) flow from the TeV to the electroweak scale. We solve the one-loop
RGE equation in the limit of exact electroweak symmetry [27, 28] and in the leading loga-
rithmic approximation. We analyze the induced modification to the Z couplings, relevant to
precision tests. We explicitly show how the scale dependence of the RGE contributions from
gauge and top Yukawa interactions cancels with that of the matrix elements in the physical
amplitude for the Z decay into a lepton pair. Then we analyze the effective theory below
the electroweak scale by explicitly discussing the matching to an electromagnetic invariant
effective Lagrangian, after integrating out the top quark and the W and Z bosons. Finally
we include the further running, dominated by pure electromagnetic effects, down to the tau
lepton mass scale, after crossing the bottom threshold. This discussion is detailed in Section
2 and represents the main original result of this work. By comparison, in Ref. [21] only the
results strictly needed for the discussion of some physical processes were presented, without
discussing the issues related to the derivation, such as the RGE flow, the matching condi-
tions, or the consistency, such as the independence of the physical results from the running
scale. For completeness, in section 3, we discuss the phenomenological implications of our
findings focusing on both Z-pole observables and low-energy observables, such as τ and B
meson decays, extending the concise discussion made in Ref. [21]. In section 4, we investigate
the relevance of our results on specific classes of NP models such as minimal flavor violating
models, U(2) models and composite Higgs models. Our conclusions are presented in section
3
5.
2 Theoretical framework
If the new physics (NP) contributions originate at a scale much larger than the electroweak
scale v = 246 GeV, in the energy window above v and below the NP mass scale, the NP
effects can be described by an effective Lagrangian invariant under the gauge group of the
Standard Model (SM):
L = LSM + LNP , (5)
LNP = 1
Λ2
∑
i
CiOi + ... , (6)
where LSM is the SM Lagrangian and Oi are dimension six gauge invariant operators, Λ
represents the scale of NP and dots stand for higher dimension operators.
In principle, 59 independent dimension six operators exist, which become 2499 when a
completely general flavour structure is allowed [26]. The discussion in full generality of the
phenomenology arising from such a gigantic Lagrangian is clearly inconceivable and some
additional assumptions are necessary. Here we assume that at a scale Λ, higher than the
electroweak scale, the NP effects are fully described by the semileptonic operators O
(1)
`q and
O
(3)
`q of table 1. Moreover, we further assume that a basis exists where NP affects only the
third fermion generation1. As a result, our effective Lagrangian at the scale Λ is given by
L0NP (Λ) =
1
Λ2
(
C1 q¯
′
3Lγ
µq′3L ¯`
′
3Lγµ`
′
3L + C3 q¯
′
3Lγ
µτaq′3L ¯`
′
3Lγµτ
a`′3L
)
, (7)
where primed fields are meant to be in a generic interaction basis. The above setup is the most
natural one to accommodate simultaneously and in a correlated way charged- and neutral-
current anomalies. Moreover, it is favoured by global fit analyses of b → s`+`− data [11]
including the very recent experimental result for R
µ/e
K∗ [29].
At the electroweak scale mEW , additional operators will arise from Lagrangian (7), due
to the well-known phenomenon of operator mixing. Here we will consider a reduced set of
gauge-invariant operators involved in this RGE flow. Such set is summarised in Table 1,
where one can recognize in [O
(1)
`q ]3333, [O
(3)
`q ]3333 the two initial operators of eq. (7). Some
work is needed in order to extract phenomenological predictions from Lagrangian (7). This
section is devoted to these computations. First of all, L0NP (Λ) should be run down to the
EW scale mEW and a connection between the primed interaction basis introduced above and
the fermion mass basis should be established (see section 2.1). Next, to describe several
processes of interest, the W , Z bosons and the t quark should be integrated out (see section
2.2). Finally, for some processes a further RGE running (due to QED only) from mEW to an
energy scale of order 1 GeV is needed (see section 2.3).
1More generally, this assumption can be relaxed to say that NP mainly interact with only one fermion
generation and interactions with the other two generations can be neglected.
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Semileptonic operators: Leptonic operators:
[O
(1)
`q ]prst = (
¯`′
pLγµ`
′
rL) (q¯
′
sLγ
µq′tL) [O``]prst = (¯`
′
pLγµ`
′
rL) (
¯`′
sLγ
µ`′tL)
[O
(3)
`q ]prst = (
¯`′
pLγµτ
a`′rL) (q¯
′
sLγ
µτaq′tL) [O`e]prst = (¯`
′
pLγµ`
′
rL) (e¯
′
sRγ
µe′tR)
[O`u]prst = (¯`
′
pLγµ`
′
rL) (u¯
′
sRγ
µu′tR)
[O`d]prst = (¯`
′
pLγµ`
′
rL) (d¯
′
sRγ
µd′tR)
[Oqe]prst = (q¯
′
pLγµq
′
rL) (e¯
′
sRγ
µe′tR)
Vector operators: Hadronic operators:
[O
(1)
H`]pr = (ϕ
†i
←→
Dµϕ) (¯`
′
pLγµ`
′
rL) [O
(1)
qq ]prst = (q¯
′
pLγµq
′
rL) (q¯
′
sLγ
µq′tL)
[O
(3)
H`]pr = (ϕ
†i
←→
Daµϕ) (
¯`′
pLγµτ
a`′rL) [O
(3)
qq ]prst = (q¯
′
pLγµτ
aq′rL) (q¯
′
sLγ
µτaq′tL)
[O
(1)
Hq]pr = (ϕ
†i
←→
Dµϕ) (q¯
′
pLγµq
′
rL) [O
(1)
qu ]prst = (q¯
′
pLγµq
′
rL) (u¯
′
sRγ
µu′tR)
[O
(3)
Hq]pr = (ϕ
†i
←→
Daµϕ) (q¯
′
pLγµτ
aq′rL) [O
(1)
qd ]prst = (q¯
′
pLγµq
′
rL) (d¯
′
sRγ
µd′tR)
Table 1: Minimal set of gauge-invariant operators involved in the RGE flow considered in this
paper. Fields are in the interaction basis to maintain explicit SU(2)× U(1) gauge invariance. Our
notation and conventions are as in [26].
2.1 Electroweak renormalization group flow
In our framework NP effects are dominated by the Lagrangian LNP of eq. (7) at the scale
Λ, which is assumed to be larger than the electroweak scale. In the particular application
we have in mind Λ is of order TeV. At energies smaller than Λ the RGEs renormalise the
coefficients C1,3 and give rise to additional operators not initially included in LNP .
The anomalous dimension of these operators are known to one-loop accuracy [27, 28] and
we can solve the related RGEs in a leading logarithmic approximation. By using LNP of eq.
(7) as initial condition at the scale Λ we obtain the effective Lagrangian Leff at the scale
mW ≤ µ < Λ:
Leff = LSM + L0NP + δLSL + δLV + δLL + δLH , (8)
δLSL =
{ (
g21C1 − 9g22C3
)
(¯`′3Lγµ`
′
3L) (q¯
′
3Lγµq
′
3L)
−2
9
g21C1 (
¯`′
3Lγµ`
′
3L) (q¯
′
sLγµq
′
sL)−
2
3
g21C1 (
¯`′
sLγµ`
′
sL) (q¯
′
3Lγµq
′
3L)
−1
2
[
(Y †uYu)s3δ3t + δs3(Y
†
uYu)3t
]
C1 (¯`
′
3Lγµ`
′
3L) (q¯
′
sLγµq
′
tL)[−3g22C1 + (6g22 + g21)C3] (¯`′3Lγµτa`′3L) (q¯′3Lγµτaq′3L)
−2g22C3 (¯`′3Lγµτa`′3L) (q¯′sLγµτaq′sL)−
2
3
g22C3 (
¯`′
sLγµτ
a`′sL) (q¯
′
3Lγµτ
aq′3L)
−1
2
[
(Y †uYu)s3δ3t + δs3(Y
†
uYu)3t
]
C3 (¯`
′
3Lγµτ
a`′3L) (q¯
′
sLγµτ
aq′tL)
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−8
9
g21C1 (
¯`′
3Lγµ`
′
3L) (u¯
′
sRγ
µu′sR) + 2(Yu)s3(Y
†
u )3t C1 (
¯`′
3Lγµ`
′
3L) (u¯
′
sRγ
µu′tR)
+
4
9
g21C1 (
¯`′
3Lγµ`
′
3L) (d¯
′
sRγ
µd′sR)−
4
3
g21C1 (q¯
′
3Lγµq
′
3L) (e¯
′
sRγ
µe′sR)
}
L
16pi2Λ2
, (9)
δLV =
[(
−2
3
g21C1 − 6y2t λu33C1
)
(ϕ†i
←→
Dµϕ) (¯`
′
3Lγµ`
′
3L)
+
(−2g22C3 + 6y2t λu33C3) (ϕ†i←→Daµϕ) (¯`′3Lγµτa`′3L)
+
2
3
g21C1 (ϕ
†i
←→
Dµϕ) (q¯
′
3Lγµq
′
3L)−
2
3
g22C3 (ϕ
†i
←→
Daµϕ) (q¯
′
3Lγµτ
aq′3L)
]
L
16pi2Λ2
, (10)
δLL =
[(
2
3
g21C1 + 2g
2
2C3
)
(¯`′3Lγµ`
′
3L) (
¯`′
sLγµ`
′
sL)− 4g22C3 (¯`′3Lγµ`′sL)(¯`′sLγµ`′3L)
+
4
3
g21C1 (
¯`′
3Lγµ`
′
3L) (e¯
′
sRγµesR)
]
L
16pi2Λ2
, (11)
δLH =
[
2
9
g21C1 (q¯
′
3Lγµq
′
3L) (q¯
′
sLγ
µq′sL)−
2
3
g22C3 (q¯
′
3Lγµτ
aq′3L) (q¯
′
sLγ
µτaq′sL)
+
8
9
g21C1 (q¯
′
3Lγµq
′
3L) (u¯
′
sRγ
µu′sR)−
4
9
g21C1 (q¯
′
3Lγµq
′
3L) (d¯
′
sRγ
µd′sR)
]
L
16pi2Λ2
, (12)
where
L = log
Λ
µ
, (13)
and a sum over repeated indices is understood. In the above expressions we neglected all the
Yukawa interactions but that of the top quark.
2.1.1 Rotation to the mass basis
In full generality, we can move to the mass basis by means of the unitary transformations
u′L = VuuL
ν ′L = UeνL
d′L = VddL
e′L = UeeL
V †uVd =VCKM , (14)
where VCKM is the CKM mixing matrix and neutrino masses have been neglected. We can
now define the flavour matrices which parametrize the flavour structure of Lagrangian (8) in
the mass basis:
u¯′3γµu
′
3 = λ
u
ij u¯iγµuj
d¯′3γµd
′
3 = λ
d
ij d¯iγµdj
u¯′3γµd
′
3 = λ
ud
ij u¯iγµdj
e¯′3γµe
′
3 = λ
e
ij e¯iγµej
ν¯ ′3γµν
′
3 = λ
e
ij ν¯iγµνj
e¯′3γµν
′
3 = λ
e
ij e¯iγµνj
λuij = V
∗
u3iVu3j
λdij = V
∗
d3iVd3j
λudij = V
∗
u3iVd3j
λeij = U
∗
e3iUe3j .
(15)
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These matrices are redundant, since the following relations hold:
λu = VCKMλ
dV †CKM λ
ud = VCKMλ
d . (16)
We also observe that λf (f = u, d, e) are hermitian matrices, satisfying λfλf = λf and
trλf = 1 which shows they are projectors with one eigenvalue equal to one. All the λ’s
satisfy
3∑
i,j=1
|λij|2 = 1 , (17)
so that all the elements |λij| should be smaller or equal to one. A useful and general parametri-
sation of λf (f = u, d, e) is:
λf =
1
1 + |αf |2 + |βf |2
 |αf |
2 αf β¯f αf
α¯fβf |βf |2 βf
α¯f β¯f 1
 , (18)
where αf and βf are complex numbers. Such general parametrisation directly follows from
our assumption that a basis exists where NP affects only one fermion generation. In summary
the free parameters of our Lagrangian are the ratios (C1,3)/Λ
2 and the two matrices λd and
λe. From now on, we will work on the mass basis just defined. In the mass basis our starting
point, eq. (7), reads:
L0NP (Λ) =
λekl
Λ2
[ (C1 + C3) λ
u
ij u¯Liγ
µuLj ν¯LkγµνLl + (C1 − C3) λuij u¯LiγµuLj e¯LkγµeLl +
(C1 − C3) λdij d¯LiγµdLj ν¯LkγµνLl + (C1 + C3) λdij d¯LiγµdLj e¯LkγµeLl + (19)
2C3
(
λudij u¯Liγ
µdLj e¯LkγµνLl + h.c.
)
] .
2.1.2 Modified Z and W couplings
Once performed the RGE running of Lagrangian (7) down to mEW and discussed the ro-
tation to the mass basis, we are already able to examine some phenomenology arising from
Lagrangian (7) and in particular from δLV . Indeed, one of its effects is the modification of
the couplings of gauge vector bosons W and Z to fermions.
The interaction Lagrangian between Z,W and fermions can be expressed as:
LW,Z = −g2
cθ
Zµ J
µ
Z −
g2√
2
(
W+µ J
−µ + h.c.
)
, (20)
where cθ = cos θW and
JµZ =
∑
f
[
gijfLf¯Liγ
µfLj + g
ij
fRf¯Riγ
µfRj
]
, (21)
J−µ = gij` ν¯Liγ
µeLj + g
ij
q u¯Liγ
µdLj . (22)
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The effective coupling constants include both the SM and the NP contributions:
gfL,R = g
SM
fL,R + ∆gfL,R g`,q = g
SM
`,q + ∆g`,q , (23)
where the SM part is given by:
(gSMfL )
ij =
(
T f3L −Qfs2θ
)
δij (g
SM
fR )
ij = −Qfs2θ δij , (24)
(gSM` )
ij = δij (g
SM
q )
ij = (VCKM)ij , (25)
where sθ = sin θW . For generic Wilson coefficients of the vector operators [O
(1,3)
Hl ]pr and
[O
(1,3)
Hq ]pr, the NP contributions read
∆gijνL = −
v2
2Λ2
[
U+e
(
C
(1)
Hl − C(3)Hl
)
Ue
]
ij
∆gijeL = −
v2
2Λ2
[
U+e
(
C
(1)
Hl + C
(3)
Hl
)
Ue
]
ij
∆gijuL = −
v2
2Λ2
[
V +u
(
C
(1)
Hq − C(3)Hq
)
Vu
]
ij
∆gijdL = −
v2
2Λ2
[
V +d
(
C
(1)
Hq + C
(3)
Hq
)
Vd
]
ij
∆gijfR = 0 (f = ν, e, u, d)
∆gij` =
v2
Λ2
[
U+e C
(3)
HlUe
]
ij
∆gijq =
v2
Λ2
[
V +u C
(3)
HqVd
]
ij
.
(26)
For our case they can be directly derived from Lagrangian (10):
∆gijνL =
v2
Λ2
L
16pi2
(1
3
g21C1 − g22C3 + 3y2t λu33(C1 + C3)
)
λeij
∆gijeL =
v2
Λ2
L
16pi2
(1
3
g21C1 + g
2
2C3 + 3y
2
t λ
u
33(C1 − C3)
)
λeij
∆gijuL = −
v2
Λ2
L
16pi2
1
3
(
g21C1 + g
2
2C3
)
λuij
∆gijdL = −
v2
Λ2
L
16pi2
1
3
(
g21C1 − g22C3
)
λdij
∆gijfR = 0 (f = ν, e, u, d)
∆gij` =
v2
Λ2
L
16pi2
(−2g22C3 + 6y2t λu33C3)λeij
∆gijq = −
v2
Λ2
L
16pi2
2
3
g22C3λ
ud
ij .
(27)
These effective couplings depends on the renormalisation scale µ. Such a dependence
cancels when we compute the amplitudes for the relevant processes. For example, to compute
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the decay amplitude of the Z boson into a lepton pair, the contribution from the effective
Lagrangian LW,Z , which is formally a tree-level term, should be combined with that of the
one-loop diagram arising from the four-fermion interactions contained in LNP , with the Z
boson on the mass-shell attached to the quark legs, as shown in fig. 1.
Figure 1: Diagrams contributing to the decay of the Z into a lepton pair. On the left, the
contribution from LW,Z , eq. (20). On the right the one-loop contribution originating from the
four-fermion interactions contained in L0NP (Λ), eq. (7), denoted by a square. The dependence on
the renormalization scale µ cancels in the sum.
This has the effect of replacing the couplings of eq. (23) with
gfL,R = g
SM
fL,R + δgfL,R (f = ν, e) , (28)
where
δgijνL =
3
8pi2
{
m2t
Λ2
λu33(C1 + C3)
(
log
Λ
mZ
− I1
2
)
+
m2Z
Λ2
λu33(C1 + C3)(1−
4
3
s2θ)(I2 − I3)
+
m2Z
Λ2
[
(C1 + C3)(1− 4
3
s2θ) + (C1 − C3)(−1 +
2
3
s2θ)
](
I3 − 1
3
log
Λ
mZ
)}
λeij , (29)
and
δgijeL =
3
8pi2
{
m2t
Λ2
λu33(C1 − C3)
(
log
Λ
mZ
− I1
2
)
+
m2Z
Λ2
λu33(C1 − C3)(1−
4
3
s2θ)(I2 − I3)
+
m2Z
Λ2
[
(C1 − C3)(1− 4
3
s2θ) + (C1 + C3)(−1 +
2
3
s2θ)
](
I3 − 1
3
log
Λ
mZ
)}
λeij , (30)
where Ii (i = 1, 2, 3) are finite and renormalization scale independent quantities defined as
I1 =
∫ 1
0
dx log
m2t −m2Z x(1− x)
m2Z
, (31)
I2 =
∫ 1
0
dx x(1− x) log m
2
t −m2Z x(1− x)
m2Z
, (32)
I3 =
∫ 1
0
dx x(1− x) log[x(x− 1)] . (33)
Starting from the above expressions, we find the following approximate results
δgijνL ≈
10−3
Λ2
{(2.1+1.1 log Λ)λu33(C1+C3)− 0.52C3 − i[0.11λu33(C1+C3)− 0.25C3]}λeij ,
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δgijeL ≈
10−3
Λ2
{(2.1+1.1 log Λ)λu33(C1−C3) + 0.52C3 − i[0.11λu33(C1−C3) + 0.25C3]}λeij ,
where Λ should be evaluated in TeV.
The scale dependence of the RGE contribution cancels with that of the matrix element
dominated by a quark loop. We kept non-vanishing only the top mass, neglecting corrections
of order m2q/(16pi
2Λ2) when q = u, d, c, s, b. These quarks are responsible for the imaginary
part of the effective coupling constants.
2.2 Effective theory below t, W and Z thresholds
At the electroweak scale we should integrate out the heavy particles W , Z and the top quark
t. We will not distinguish among the mass scales mW , mZ and mt, which we will approxi-
mately identify with a common scale mEW . Below such scale, we should use a new effective
Lagrangian LEWeff , made of four fermion operators whose Wilson coefficients are determined
by a matching procedure, i.e. by requiring that amplitudes computed with Leff , eq. (8), and
LEWeff are the same at the scale mEW . We work in leading log approximation (LLA) with
one-loop accuracy. Therefore, matching conditions should include both contributions from
tree-level topologies with RGE-improved dimension six operator insertions and contributions
from one-loop topologies with tree-level-accurate dimension six operator insertions.
One of the steps required by this procedure is integrating out the massive gauge bosons
W , Z. In particular, from the tree-level exchange of W and Z we get:
δLEWV = −
2
v2
(
JSMµZ J
SM
Zµ + J
SM+µJSM−µ + 2J
SM
Z µ ∆J
µ
Z +
(
JSM+µ ∆J
−µ + h.c.
))
, (34)
where:
JSMZ µ =
∑
f
[
(gSMfL )
ij f¯LiγµfLj + (g
SM
fR )
ij f¯RiγµfRj
]
, ∆JµZ =
∑
f
∆gijfLf¯Liγ
µfLj , (35)
JSM−µ = (g
SM
` )
ij ν¯LiγµeLj + (g
SM
q )
ij u¯LiγµdLj , ∆J
−
µ = ∆g
ij
` ν¯LiγµeLj + ∆g
ij
q u¯LiγµdLj ,
(36)
where the contributions proportional to ∆JµZ , ∆J
±
µ in eq. (34) are of order one-loop.
As an explicit example of matching procedure, we discuss in detail the case of the four-
fermion operator (e¯iLγµejL) (e¯kLγ
µenL). Above the electroweak scale mEW , the amplitude
of the processes controlled by this operator is given by the sum of the diagrams in fig. 2.
Diagrams (2.a) and (2.b) come from δLL (eq. (11)) and δLEWV (eq. (34)), respectively. They
depend on the renormalization scale µ through the Wilson coefficients of the interactions
displayed as a full circle. This dependence is cancelled by the diagrams (2.c)–(2.f). Below
the electroweak scale, W , Z and t have been removed from the effective Lagrangian and the
amplitude is given by the sum of the diagrams in fig. 3. The diagram (3.a) represents our
unknown. By equating the amplitudes above and below mEW , we find that (3.a) is given by
the sum of (2.a)–(2.d), since (3.b) and (3.c) are canceled by (2.e) and (2.f) respectively:
A3a = A2a +A2b +A2c +A2d , (37)
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(2.a) (2.b) (2.c) (2.d) (2.e) (2.f)
Figure 2: Diagrams contributing to the Wilson coefficient of (e¯iLγµejL) (e¯kLγ
µenL) above the
electroweak scale mEW , computed with Lagrangian Leff . Thick (thin) lines denote heavy (light)
fields. Diagram (2.a) comes from δLL, (2.b) from δLV . The diagrams (2.c)–(2.f) come from the
four-fermion interactions of L0NP (Λ), eq. (7), denoted by a square. They cancel the dependence on
the renormalization scale µ of the diagrams (2.a), (2.b).
(3.a) (3.b) (3.c)
Figure 3: Diagrams contributing to the Wilson coefficient of (e¯iLγµejL) (e¯kLγ
µenL) below the
electroweak scale mEW . Only light fields (thin lines) are present. The four-fermion interaction
(empty circle) of diagram (3.a) is the unknown of the matching procedure. The triangle in diagram
(3.b) denotes the SM Fermi interaction. In the matching condition, the diagram (3.b) is canceled
by the diagram (2.e) and the diagram (3.c) is canceled by the diagram (2.f).
where we have exploited A3c = A2f and, at first order in GF , A3b = A2e. From eqs. (11),
(15), (27) and (34) we get:
A2a = 2
3
(
g21C1 − 3g22C3
) 1
16pi2Λ2
log
Λ
µ
· λeijδkn , (38)
A2b = (1− 2 sin2 θW )
[
2
3
(
g21C1 + 3g
2
2C3
)
+ 6y2t λ
u
33(C1 − C3)
]
1
16pi2Λ2
log
Λ
µ
· λeijδkn . (39)
An explicit computation of diagrams (2.c) and (2.d) at the leading logarithmic order gives:
A2c = 6(1− 2 sin2 θW )y2t λu33(C1 − C3)
1
16pi2Λ2
log
µ
mt
· λeijδkn + ... , (40)
A2d = 8
3
e2λu33(C1 − C3)
1
16pi2Λ2
log
µ
mt
· λeijδkn + ... , (41)
where dots stand for µ-independent finite contributions. Hereafter, we will not include such
contributions in our analysis, as finite terms of the same size could originate from UV com-
pletions of our setup. Therefore our quantitative conclusions rely on the assumption that
the logarithmic RGE-induced terms dominate over the finite ones. Given the relatively short
range where the running takes place, it is not guaranteed that such dominance holds and the
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possibility of cancellations in physical observables cannot be excluded. Putting all together,
we get
A3a = 1
16pi2Λ2
[
−12(−1
2
+ sin2 θW )y
2
t λ
u
33(C1 − C3) log
Λ
mt
+
4
3
e2(C1 − 3C3) log Λ
mt
+
4
3
e2(C1 − C3)λu33 log
µ
mt
]
· λeijδkn . (42)
At a scale µ just below mEW ≈ mt, we can drop the last term of eq. (42). In this way we
end up with our final result for the Wilson coefficient of (e¯iLγµejL) (e¯kLγ
µenL) below mEW ,
reported in table 2.
To derive the full LEWeff , we should repeat this procedure for each four-fermion operator
arising from Leff . In practice, as we have seen in the previous example, this amounts to:
1. move to the fermion mass basis in (Leff − δLV ) = LSM + L0NP + δLSL + δLL + δLH ,
removing every operator featuring a W , Z or t fields;
2. add the result to the term originating from tree-levelW and Z exchange, δLEWV , eq. (34);
3. set the scale µ to mEW ≈ mW,Z,t, in this way accounting for the one-loop topologies
contributions.
Our final result reads:
LEWeff = L′SM + L0NP +
1
16pi2Λ2
log
Λ
mEW
∑
i
ξiQi , (43)
where L′SM is the SM Lagrangian where W and Z has been integrated out (Fermi theory),
and the systematic omission on the right-hand side of the tL,R quark fields is understood.
The four-fermion operators Qi and their Wilson coefficients ξi are given in Table 2–5 for the
semileptonic and purely leptonic type.
The main point to stress here is that the purely leptonic contributions to the effective
Lagrangian are entirely generated by quantum effects. They contain terms of order y2t /(16pi
2)
and e2/(16pi2). In the gauge part, interestingly enough, the surviving contributions are con-
trolled by the electromagnetic coupling e2. These contributions can thus be interpreted as
arising from a photon exchange between the quark loop arising from L0NP and the electro-
magnetic current.
2.3 Effective theory below the electroweak breaking scale
To derive the effective Lagrangian suitable for application to processes at the GeV scale, we
should replicate the steps outlined above. From the electroweak scale mEW down to the next
mass thresholds, the bottom and charm masses mb,mc, we have to include the further running
of the Wilson coefficients. In this regime, the only relevant interaction of the electroweak
theory is the electromagnetic one. At the scale close to mb (mc), we move to a new effective
theory where the b (c) quark is integrated out. The new theory is determined from matching
conditions analogous to those described above for the electroweak threshold. We go on until
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Qi ξi
(ν¯iLγµνjL) (ν¯kLγ
µνnL) λ
e
ij δkn [−6y2t λu33(C1 + C3)]
(ν¯iLγµνjL) (e¯kLγ
µenL) λ
e
ij δkn
[
4
3
e2(C1 + 3C3)− 12 (−12 + s2θ) y2t λu33(C1 + C3)
]
+δij λ
e
kn [−6y2t λu33(C1 − C3)]
(ν¯iLγµνjL) (e¯kRγ
µenR) λ
e
ij δkn
[
4
3
e2(C1 + 3C3)− 12 s2θ y2t λu33(C1 + C3)
]
(e¯iLγµejL) (e¯kLγ
µenL) λ
e
ij δkn
[
4
3
e2(C1 − 3C3)− 12(−12 + s2θ) y2t λu33(C1 − C3)
]
(e¯iLγµejL) (e¯kRγ
µenR) λ
e
ij δkn
[
4
3
e2(C1 − 3C3)− 12 s2θ y2t λu33(C1 − C3)
]
(ν¯iLγµejL) (e¯kLγ
µνnL) (λ
e
ij δkn + δij λ
e
kn) [−12 y2t λu33C3]
Table 2: Operators Qi and coefficients ξi for the purely leptonic part of the effective Lagrangian
LEWeff . We set sin2 θW ≡ s2θ.
Qi ξi
(ν¯iLγµνjL) (u¯kLγ
µunL) λ
e
ij λ
u
kn [(g
2
1 − 3g22)(C1 + C3)]
+λeij δkn
[−8
9
e2(C1 + 3C3)− 12(12 − 23s2θ) y2t λu33(C1 + C3)
]
+λeij (λ
u
k3δ3n + δk3λ
u
3n)
[−1
2
y2t (C1 + C3)
]
(ν¯iLγµνjL) (u¯kRγ
µunR) λ
e
ij δkn
[−8
9
e2(C1 + 3C3) + 8s
2
θ y
2
t λ
u
33(C1 + C3)
]
+λeij δk3δ3n [2y
2
t λ
u
33C1]
(ν¯iLγµνjL) (d¯kLγ
µdnL) λ
e
ij λ
d
kn [(g
2
1 + 3g
2
2)C1 − (g21 + 15g22)C3]
+λeij δkn
[
4
9
e2(C1 + 3C3)− 12(−12 + 13s2θ) y2t λu33(C1 + C3)
]
+λeij ((λ
ud †)k3V CKM3n + (V
CKM)†k3λ
ud
3n)
[−1
2
y2t (C1 − C3)
]
(ν¯iLγµνjL) (d¯kRγ
µdnR) λ
e
ij δkn
[
4
9
e2(C1 + 3C3)− 4s2θ y2t λu33(C1 + C3)
]
Table 3: Operators Qi and coefficients ξi for the semileptonic part of the effective Lagrangian LEWeff
involving neutrinos and neutral currents. Generation indices run from 1 to 3, exception made for
up-type quarks where k, n = 1, 2. We set sin2 θW ≡ s2θ.
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Qi ξi
(e¯iLγµejL) (u¯kLγ
µunL) λ
e
ij λ
u
kn [(g
2
1 + 3g
2
2)C1 − (g21 + 15g22)C3]
+λeij δkn
[−8
9
e2(C1 − 3C3)− 12(12 − 32s2θ)y2t λu33(C1 − C3)
]
+δij λ
u
kn
[−4
3
e2(C1 − C3)
]
+λeij (λ
u
k3δ3n + δk3λ
u
3n)
[−1
2
y2t (C1 − C3)
]
(e¯iLγµejL) (u¯kRγ
µunR) λ
e
ij δkn
[−8
9
e2(C1 − 3C3) + 8 s2θ y2t λu33(C1 − C3)
]
+λeij δk3δ3n [2y
2
t λ
u
33C1]
(e¯iRγµejR) (u¯kLγ
µunL) δij λ
u
kn
[−4
3
e2(C1 − C3)
]
(e¯iLγµejL) (d¯kLγ
µdnL) λ
e
ij λ
d
kn [(g
2
1 − 3g22)(C1 + C3)]
+λeij δkn
[
4
9
e2(C1 − 3C3)− 12(−12 + 13s2θ) y2t λu33(C1 − C3)
]
+δij λ
d
kn
[−4
3
e2(C1 + C3)
]
+λeij ((λ
ud †)k3V CKM3n + (V
CKM †)k3λud3n)
[−1
2
y2t (C1 + C3)
]
(e¯iLγµejL) (d¯kRγ
µdnR) λ
e
ij δkn
[
4
9
e2(C1 − 3C3)− 4 s2θ y2t λu33(C1 − C3)
]
(e¯iRγµejR) (d¯kLγ
µdnL) δij λ
d
kn
[−4
3
e2(C1 + C3)
]
Table 4: Operators Qi and coefficients ξi for the semileptonic part of the effective Lagrangian LEWeff
involving charged leptons and neutral currents. Generation indices run from 1 to 3, exception made
for up-type quarks where k, n = 1, 2. We set sin2 θW ≡ s2θ.
Qi ξi
(e¯iLγµνjL)(u¯kLγ
µdnL) λ
e
ij λ
ud
kn [−6g22C1 + 2(6g22 + g21)C3]
+λeij V
CKM
kn [−12 y2t λu33C3]
+λeij (λ
u
k3V
CKM
3n + δk3λ
ud
3n) [−y2tC3]
Table 5: Operators Qi and coefficients ξi for the semileptonic part of the effective Lagrangian LEWeff
involving charged currents. For up-type quarks the indices rum from 1 to 2. The ξi coefficient for
the Hermitian conjugate operator can be easily derived.
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Figure 4: Matching condition at the mb (mc) scale for the operator (e¯iLγµejL) (e¯kLγ
µenL). On
the right the amplitude is computed above the mass threshold. The thick line represents a bottom
(charm) loop. On the left the amplitude is evaluated below the mass threshold. The tree-level
diagram with an open circle is the unknown. The loop diagrams with thin lines cancel among each
other.
we reach the GeV scale. For simplicity in the following we assume for the light quarks u, d
and s a common constituent mass of order ∼ 1 GeV.
Again, we will exemplify the matching procedure by performing it explicitly for the op-
erator (e¯iLγµejL) (e¯kLγ
µenL). The corresponding matching condition is shown in fig. 4. On
the right-hand side the process is evaluated above mb (mc), where the thick line represents
a bottom (charm) loop. On the left hand side the same process is computed below the mb
(mc) scale where the bottom (charm) loop is absent. After crossing both mass thresholds we
get
A(µ) = λ
e
ij δkn
16pi2Λ2
{
− 12(−1
2
+ sin2 θW )y
2
t λ
u
33(C1 − C3) log
Λ
mt
+
4
3
e2(C1 − 3C3) log Λ
µ
+
4
3
e2
[
−2(C1 − C3)(λu33 log
mt
µ
+ λu22 log
mc
µ
) +(C1 + C3)λ
d
33 log
mb
µ
]}
.
(44)
This is the Wilson coefficient for (e¯iLγµejL) (e¯kLγ
µenL), at a scale µ below the charm threshold.
In a similar way, the Wilson coefficient for the full effective Lagrangian at the GeV scale
can be derived. We recast the final result in the following form:
Leff = LEWeff + δLQEDeff , (45)
where LEWeff is given in eq. (43), while
δLQEDeff =
1
16pi2Λ2
log
mEW
µ
∑
i
δξi Qi . (46)
The operators Qi and the coefficients δξi for the four-fermion operators of purely leptonic
and semileptonic type are given in Table 6–9.
When computing the amplitude for a physical process, two contributions are generally
required: the first is formally a tree-level amplitude described by the RGE-induced part of
our effective Lagrangian. The second is a genuine one-loop amplitude where the residual light
degrees of freedom of the low-energy theory are exchanged in the internal lines. These two
terms correspond, for instance, to the two diagrams drawn in the left-hand side of Fig. 4.
We will keep only the leading logarithmic part of each term. They are both scale dependent,
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Qi δξi
(ν¯iLγµνjL) (ν¯kLγ
µνnL) 0
(ν¯iLγµνjL) (e¯kγ
µen) λ
e
ij δkn · 43e2
[
(C1 + 3C3)− 2(C1 + C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 − C3)λˆd33 log mbµ
]
(e¯iLγµejL) (e¯kγ
µen) λ
e
ij δkn · 43e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 + C3)λˆ
d
33 log
mb
µ
]
Table 6: Operators Qi and coefficients δξi for the purely leptonic part of the effective Lagrangian
δLQEDeff . We set λˆu,dii = λu,dii / log mEWµ .
Qi δξi
(ν¯iLγµνjL) (u¯kγ
µun) λ
e
ij δkn
(−8
9
e2
) [
(C1 + 3C3)− 2(C1 + C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 − C3)λˆd33 log mbµ
]
(ν¯iLγµνjL) (d¯kγ
µdn) λ
e
ij δkn · 49e2
[
(C1 + 3C3)− 2(C1 + C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 − C3)λˆd33 log mbµ
]
Table 7: Operators Qi and coefficients δξi for the semileptonic part of the effective Lagrangian
δLQEDeff involving neutrinos and neutral currents. For the down-type quarks generation indices run
from 1 to 2,while for up-type quarks we only keep the first generation. We set λˆu,dii = λ
u,d
ii / log
mEW
µ .
but this dependence cancels in the sum. The neglected finite contributions do not depend
on the scale µ. To deal with loops with the light virtual quarks u, d and s, we will assume a
common constituent mass µˆ ≈ 1 GeV.
3 Observables
In this section we analyze the phenomenological implications of Lagrangian (7), making use
of the RGE-improved low-energy EFT derived extensively in the previous section.
As discussed in section 2.1.1, the full set of free parameters in our set-up are C1,3/Λ
2 and
the two matrices λe,d. In addition, we will assume λe,d11 = λ
e,d
12 = λ
e,d
13 = 0. This will provide
us with a simpler and yet conservative framework, since LFUV effects (i.e. RD(∗) and RK(∗)
anomalies) can be easily shown to be maximized by such assumption. In conclusion, our
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Qi δξi
(e¯iLγµejL) (u¯kLγ
µunL) λ
e
ij λ
u
kn [8e
2 (C1 − C3)]
+δij λ
u
kn
[−4
3
e2(C1 − C3)
]
−λeij δkn · 89e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 + C3)λˆ
d
33 log
mb
µ
]
(e¯iLγµejL) (u¯kRγ
µunR) −λeij δkn · 89e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 + C3)λˆ
d
33 log
mb
µ
]
(e¯iRγµejR) (u¯kLγ
µunL) δij λ
u
kn
[−4
3
e2(C1 − C3)
]
(e¯iLγµejL) (d¯kLγ
µdnL) λ
e
ij λ
d
kn [−4e2 (C1 + C3)]
+δij λ
d
kn
[−4
3
e2(C1 + C3)
]
+λeij δkn · 49e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 + C3)λˆ
d
33 log
mb
µ
]
(e¯iLγµejL) (d¯kRγ
µdnR) λ
e
ij δkn · 49e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log mtµ + λˆu22 log mcµ )
+(C1 + C3)λˆ
d
33 log
mb
µ
]
(e¯iRγµejR) (d¯kLγ
µdnL) δij λ
d
kn
[−4
3
e2(C1 + C3)
]
Table 8: Operators Qi and coefficients δξi for the semileptonic part of the effective Lagrangian
δLQEDeff involving charged leptons and neutral currents. For the down-type quarks generation
indices run from 1 to 2, while for up-type quarks we only keep the first generation. We set
λˆu,dii = λ
u,d
ii / log
mEW
µ .
Qi δξi
(e¯iLγµνjL)(u¯kLγ
µdnL) −λeij λudkn · 8e2C3
Table 9: Operators Qi and coefficients δξi for the semileptonic part of the effective Lagrangian
δLQEDeff involving charged currents. For the down-type quarks generation indices run from 1 to 2,
while for up-type quarks we only keep the first generation. The δξi coefficient for the Hermitian
conjugate operator can be easily derived.
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setup contains effectively only four2 free parameters:
C1,3/Λ
2 , λe,d23 ,
while all other non-vanishing matrix elements can be derived through eq. (18) and the prop-
erty trλf = 1. Furthermore, we will assume λe,d22 ≈ |λe,d23 |2  λe,d33 and also λe,d23 to be real in the
CKM basis. Given eq. (18) and our assumptions, we straightforwardly derive |λe,d23 | ≤ 1/2.
Rather than aiming at a complete investigation of the wide phenomenology triggered by
the Lagrangian (7), we prefer to focus our analysis on processes that, despite the loop sup-
pression, can compete with tree-level semileptonic bounds thanks to their high experimental
resolutions. Among them, arguably the most interesting ones are the fully leptonic processes
and the leptonic decays of the Z vector boson. We structure the present section as follows.
In section 3.1, we discuss how to address both charged- and neutral-current B anomalies
within our framework. In section 3.2, we discuss the most relevant tree-level phenomenology
connected with the B anomalies. In section 3.3, we proceed to study observables in the
leptonic sector receiving large contributions at loop-level. In section 3.4, a global numerical
analysis is performed in order to corroborate our main message, namely that bounds coming
from one-loop induced lepton phenomenology play a major role while trying to address the
B anomalies, and particularly RD(∗) .
3.1 The B anomalies
Here we recall how the B-anomalies can be simultaneously explained by extending the SM
through the addition of L0NP (Λ) in eq. (7). To this purpose NP should contribute dominantly
to charged-current transitions compared to the neutral-current ones, since in the SM the
former arise at the tree-level and the latter at one-loop. This can be reproduced within the
present framework by assuming an hierarchy between λd33λ
e
33, which controls B → D(∗)τν,
and λd23λ
e
22, which is responsible for B → Kµ+µ−.
3.1.1 B → K`¯`
In our setup, the leading SU(3)c×U(1)el invariant effective Lagrangian describing the semilep-
tonic process b→ s e¯iej is [30]
LNCeff =
4GF√
2
λbs
(
Cij9 Oij9 + Cij10Oij10
)
+ h.c. , (47)
where λbs=VtbV
∗
ts and the operators O9,10 read
Oij9 =
e2
(4pi)2
(s¯LγµbL)(e¯iγ
µej) , (48)
Oij10 =
e2
(4pi)2
(s¯LγµbL)(e¯iγ
µγ5ej) . (49)
2More precisely, Λ should be considered as a fifth independent parameter, governing the size of RGE
effects. Since these effects depend on Λ, which is of order TeV, only very mildly, we can approximately
regard Λ as a fixed quantity in the relevant logarithms.
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By matching LNCeff with L0NP at the tree level, we obtain:
(CNP9 )
ij =− (CNP10 )ij =
pi
αλbs
v2
Λ2
(C1 + C3)λ
d
23λ
e
ij + · · · , (50)
where dots stand for subleading RGE induced terms, typically negligible compared to the
leading ones.
As shown in eqs. 3 and 4, the experimental values of R
µ/e
K(∗) , which accounts for LFUV in
the process B → K(∗)`¯`, read
R
µ/e
K = 0.745
+0.090
−0.074 ± 0.036 , Rµ/eK∗ = 0.685+0.113−0.069 ± 0.047 . (51)
In our framework, R
µ/e
K is well approximated by the expression
R
µ/e
K ≈
|(CNP9 )22 + CSM9 |2 + |(CNP10 )22 + CSM10 |2
|(CNP9 )11 + CSM9 |2 + |(CNP10 )11 + CSM10 |2
. (52)
Given CSM9 ≈ −CSM10 ≈ 4.2, assuming CNP9 ≈ −CNP10 and (CNP9 )11 = 0, and working in a linear
approximation for the NP contribution, we obtain
R
µ/e
K ≈ 1−
2pi
α|Vts||CSM9 |
v2
Λ2
(C1 + C3)λ
d
23λ
e
22 ≈ 1− 0.28
(C1 + C3)
Λ2(TeV2)
λd23 λ
e
22
10−3
. (53)
As a result, for Λ = 1 TeV, R
µ/e
K can be accounted for by O(1) values of C1 +C3 and flavour
mixing angles of order λd23λ
e
22 ∼ 10−3.
On the other hand, Eq. (52) cannot be directly applied to R
µ/e
K∗ , since in that case a
non-trivial role is played by the Wilson coefficient C7 [31]. Nevertheless, under our NP
assumptions the central value for R
µ/e
K∗ differs less than 10% from the R
µ/e
K value given by
(52), thus not affecting our semi-quantitative arguments.
3.1.2 B → D(∗)`ν
The effective Lagrangian relevant for charged-current processes like b→ c`ν is given by
LCCeff =−
4GF√
2
Vcb (C
cb
L )ij (c¯LγµbL) (e¯Liγ
µνLj) + h.c. . (54)
In our model, for negligible values of λd13, the coefficient (C
cb
L )ij reads
(CcbL )ij ≈ δij −
v2
Λ2
C3 λ
e
ij
λud23
Vcb
≈ δij − v
2
Λ2
C3 λ
e
ij
(
Vcs
Vcb
λd23 + λ
d
33
)
. (55)
LFUV in the charged-current process B → D(∗)`ν is encoded in the observable Rτ/`
D(∗) , see
eqs. 1,2:
R
τ/`
D∗ = 1.23± 0.07 , Rτ/`D = 1.34± 0.17 . (56)
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In our framework, R
τ/`
D(∗) reads
R
τ/`
D(∗) =
∑
j |(CcbL )3j|2∑
j |(CcbL )`j|2
, (57)
and therefore, for λe22λe33, we obtain
R
τ/`
D(∗) ≈ 1−
2v2
Λ2
C3 λ
e
33
(
Vcs
Vcb
λd23 + λ
d
33
)
≈ 1− 0.12C3
Λ2(TeV2)
(
Vcs
Vcb
λd23 + λ
d
33
)
, (58)
where we took λe33 ≈ 1. As a result, in order to accommodate the Rτ/`D(∗) anomaly, we need
C3 < 0 and C3 ∼ O(1), for Λ = 1 TeV. The condition λe22 λe33 is justified a posteriori by
the non observation of LFUV in the µ/e sector up to the . 2% level [32, 33]. Indeed, from
the expression of R
µ/e
D(∗)
R
µ/e
D(∗) ≈ 1−
2v2
Λ2
C3 λ
e
22
(
Vcs
Vcb
λd23 + λ
d
33
)
≈ 1− 0.01C3
Λ2(TeV2)
(
λe22
0.1
)(
Vcs
Vcb
λd23 + λ
d
33
)
, (59)
we find the upper bound λe22 . 0.1 once the anomaly in the τ/` sector is explained. Notice
that in our estimates we always set λd11 = 0, as well as λ
e
11 = 0 which implies λ
e
22 ≈ (λe23)2.
3.2 Tree-level semileptonic phenomenology
An immediate consequence of the adopted framework is a set of deviations predicted in
leptonic and semileptonic B-decays strictly related to the anomalous channels discussed in
the previous section. The modifications with respect to the SM predictions are entirely
dominated by the Lagrangian L0NP (Λ) and do not need the inclusion of quantum effects, at
least in generic regions of the parameter space. In our framework λe22, λ
e
33 and thus λ
e
23 are
non vanishing, implying LFV in B meson decays. The processes presented in this section
have been widely discussed in the literature. We list them here for completeness and we
analyze the bounds on the parameters they give rise to.
3.2.1 B → `ν
In our framework, another charged-current process which is closely related to B → D(∗)`ν is
the decay B → `ν. The related LFUV observable, Rτ/`Bτν , is defined as
R
τ/µ
Bτν =
B(B → τν)exp/B(B → τν)SM
B(B → µν)exp/B(B → µν)SM , (60)
which can be evaluated by means of the expression
R
τ/µ
Bτν =
∑
j |(CubL )3j|2∑
j |(CubL )2j|2
, (61)
where
(CubL )ij ≈ δij −
v2
Λ2
C3 λ
e
ij
λud13
Vub
≈ δij − v
2
Λ2
C3 λ
e
ij
(
λd33 +
Vus
Vub
λd23
)
. (62)
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Assuming that λd23  λd33 ' 1 and λe22  λe33 ' 1, the expression for Rτ/`D(∗) reads
R
τ/µ
Bτν ≈ 1−
2v2
Λ2
C3
(
1 +
Vusλ
d
23
|Vub| cos γ
)
, (63)
where γ ≈ 70◦. Since Belle II aims to measure Rτ/µBτν with a 5% resolution, it is likely that
R
τ/µ
Bτν will provide a strong constraint to the present framework.
3.2.2 B → K(∗)νν¯
The leading SU(3)c×U(1)el invariant effective Lagrangian describing the semileptonic process
b→ s ν¯iνj is [30] is given in our framework by
LNCeff =
4GF√
2
λbsC
ij
ν Oijν + h.c. , (64)
where the operator Oijν reads
Oijν =
e2
(4pi)2
(s¯LγµbL)(ν¯iγ
µ(1−γ5)νj) . (65)
By matching LNCeff with LNP, we obtain:
(CNPν )
ij =
pi
αλbs
v2
Λ2
(C1−C3)λd23λeij + · · · , (66)
where, again, dots stand for RGE induced terms which are always subleading, unless C1 =
C3. Interestingly, the latter condition can be realised in scenarios with vector leptoquark
mediators [25]. In such a case, the RGE induced effects to (CNPν )
ij are given by:
(δCNPν )
ij ' − 3g
2
2
4piαλbs
v2
Λ2
C3 log
Λ
mEW
λd23λ
e
ij , (67)
which are of order |(δCNPν )ij|/|(CNPν )ij| ≈ 0.1 × C3/(C3 − C1) for Λ = 1 TeV. As already
observed in [25], the process B → K(∗)νν¯ sets relevant constraints on our model. Defining
Rνν
K(∗) as
RννK(∗) =
B(B → K(∗)νν¯)
B(B → K(∗)νν¯)SM , (68)
we get
RννK(∗) =
∑
ij |CSMν δij + (CNPν )ij|2
3|CSMν |2
, (69)
where CSMν ≈ −6.4 so that RννK(∗) reads
RννK(∗) ' 1 +
2
3
(
pi
α|Vts|
v2
Λ2
(C1 − C3)
|CSMν |
)
λd23 +
1
3
(
pi
α|Vts|
v2
Λ2
(C1 − C3)
|CSMν |
)2
(λd23)
2 . (70)
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The above expression has been obtained setting λbs ' −|Vts| and using the properties trλf = 1
and
∑
ij |λfij|2 = 1. Therefore, RννK(∗) is well approximated by the numerical expression
RννK(∗) ≈ 1 + 0.6
(C1 − C3)
Λ2(TeV2)
(
λd23
0.01
)
+ 0.3
(C1 − C3)2
Λ4(TeV4)
(
λd23
0.01
)2
, (71)
showing that for natural values of C1 − C3 ∼ O(1), λd23 ∼ 10−2 and Λ = 1 TeV, RννK(∗) can
easily satisfy the experimental bounds
RννK < 4.3 R
νν
K∗ < 4.4 . (72)
3.2.3 Bs → µµ¯
Since our model predicts the relation C9 = −C10, an explanation of the Rµ/eK anomaly implies
NP contributions also for the decay mode Bs → µµ¯. The current experimental measurement
and SM prediction for the branching ratio of this process are [34, 35]:
B(Bs → µµ¯)exp = 2.8+0.7−0.6 × 10−9 B(Bs → µµ¯)SM = 3.65(23)× 10−9 . (73)
Defining RBsµµ as
RBsµµ =
B(Bs → µµ¯)exp
B(Bs → µµ¯)SM '
∣∣∣∣CSM10 + (CNP10 )22CSM10
∣∣∣∣2 , (74)
where CSM10 ≈ −4.2 and remembering that in our framework Rµ/eK favours (CNP10 )22 ≈ 0.5, we
see that an explanation of the R
µ/e
K anomaly improves the agreement with the Bs → µµ¯ data.
3.2.4 Lepton-flavour violating B decays
In our setting, LFV B-decays such as Bs → τ±µ∓ and B → K(∗)τ±µ∓ arise already at the
tree level. Here we give the expressions for their branching ratios assuming C9 = −C10 [36]
B (Bs → `±`′∓) ' 4× 10−8 ∣∣∣C``′9 ∣∣∣2
B(B → K`±`′∓) ' 2× 10−9 (aK``′ + bK``′)
∣∣∣C``′9 ∣∣∣2
B(B → K∗`±`′∓) ' 2× 10−9 (aK∗``′ + bK∗``′ + cK∗``′ + dK∗``′)
∣∣∣C``′9 ∣∣∣2 , (75)
where the coefficients ai, bi ci and di read
``′ aK``′ bK``′ aK∗``′ bK∗``′ cK∗``′ dK∗``′
τµ, τe 9.6± 1.0 10.0± 1.3 3.0± 0.8 2.7± 0.7 16.4± 2.1 15.4± 1.9
.
We observe that the above branching ratios have been multiplied by a factor of two since the
experimental bounds refer to the final state `±`′∓ = `+`′− + `−`′+.
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It turns out that
B(B → Kτµ) ≈ 4× 10−8 ∣∣C239 ∣∣2 ≈ 10−7 ∣∣∣∣C2290.5 0.3λe23
∣∣∣∣2 , (76)
where we have used the relation C229 /C
23
9 ≈λe23 and we recall that, in order to accommodate
the R
e/µ
K anomaly, |C229 | ≈ 0.5. The above prediction is far below the current experimental
bound B(B → Kτµ) ≤ 4.8× 10−5 [37]. Moreover, we find
B(B → τ±µ∓) ≈ B(B → Kτ±µ∓) , (77)
B(B → K∗τ±µ∓) ≈ 2× B(B → Kτ±µ∓) . (78)
As we will see shortly, loop-induced τ LFV decays are typically better probes of our scenario
than LFV B decays.
3.3 One-loop induced LFV and LFUV phenomenology
As illustrated in Section 2, electroweak corrections give rise to modified couplings of the Z
and W bosons to leptons and to a purely leptonic low-energy effective Lagrangian. LFV and
LFUV are both expected in Z, W and τ lepton decays. In this section we analyze these
processes providing approximate analytical expressions for the corresponding observables in
our framework.
3.3.1 Z → ``′ and Z → νν ′
At the loop-level the leptonic Z couplings are modified in our framework. Their departure
from the SM expectations are constrained by the LEP measurements of the Z decay widths,
left-right and forward-backward asymmetries. The bounds on lepton non-universal couplings
are reported in table 10 and are expressed in terms of the vector and axial-vector couplings
v` and a`, respectively, defined as
v` = g
``
`L + g
``
`R a` = g
``
`L − g```R . (79)
We get
vτ
ve
= 1− 2 δg
33
`L
(1− 4s2W )
aτ
ae
= 1− 2 δg33`L , (80)
with δgij`L defined in eq. (30), leading to the following numerical estimates
vτ
ve
≈ 1− 0.05 (C1 − 0.8C3)
Λ2(TeV2)
, (81)
aτ
ae
≈ 1− 0.004 (C1 − 0.8C3)
Λ2(TeV2)
, (82)
where we took λu33 ∼ λe33 ' 1 and, hereafter, we set Λ = 1 TeV in the argument of the
logarithm. Moreover, modifications of the Z couplings to neutrinos affect the extraction of
23
e µ τ
v` −0.03817 (47) −0.0367 (23) −0.0366 (10)
a` −0.50111 (35) −0.50120 (54) −0.50204 (64)
vµ/ve = 0.961 (61) aµ/ae = 1.0002 (13)
vτ/ve = 0.959 (29) aτ/ae = 1.0019 (15)
Table 10: Vector and axial-vector Z couplings from the measured values of the leptonic Z decay
widths, left-right and forward-backward asymmetries of the final lepton `− (from PDG [32]).
the number of neutrinos Nν from the invisible Z decay width. We find that
Nν = 2 +
(
g33νL
gSMνL
)2
' 3 + 4 δg33νL , (83)
with δgijνL defined in eq. (29), leading to the following numerical estimate
Nν ≈ 3 + 0.008 (C1 + 0.8C3)
Λ2(TeV2)
, (84)
to be compared with the experimental result [32]
Nν = 2.9840± 0.0082 . (85)
Finally, we consider the LFV decay modes of the Z boson, Z → `±f `∓i , described by the
following branching ratio
B(Z → `±i `∓j ) '
GFm
3
Z
3pi
√
2 ΓZ
[
(gij`L + δg
ij
`L)
2 + (gij`R)
2 − 3
4
m2`i
m2Z
δij
]
, (86)
where ΓZ ≈ 2.5 GeV and therefore we obtain
B(Z → µ±τ∓) ≈ 10−7 [λ
u
33(C1 − C3) + 0.25C3]2
Λ4(TeV4)
(
λe23
0.3
)2
, (87)
which is well below the current experimental bound B(Z → µ±τ∓)exp ≤ 1.2×10−5, especially
when C1 = C3.
3.3.2 W → `ν
At the loop-level also the leptonic W± couplings gij` are modified with respect to their SM
expectations. In particular, summing the RGE contributions, see eq. (27), and the relevant
matrix element, the NP corrections to gij` in our model read
δgij` =
v2
Λ2
log(Λ/mEW )
16pi2
(−2g22C3 + 6y2t λu33C3)λeij , (88)
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up to finite corrections. Let us define now the quantity R
τ/`
W which accounts for LFUV in
W± decays
R
τ/`
W =
B(W → τν)exp/B(W → τν)SM
B(W → `ν)exp/B(W → `ν)SM , ` = e, µ . (89)
In our setup, R
τ/`
W is given by
R
τ/`
W ≈ 1 + 2 δg33` ≈ 1 +
0.008C3
Λ2(TeV2)
, (90)
which has to be compared with the LEP measurements [32]
R
τ/µ
W = 1.068(26) , R
τ/e
W = 1.062(26) . (91)
As we will see shortly, LFUV in τ decays will provide more stringent constraints on our model
parameters than W± decays.
3.3.3 τ → `νν¯
The effective Lagrangian relevant for charged-current processes like τ → `νν¯ is given by
LCCeff =−
4GF√
2
(Cτ`L )ij (ν¯iLγµτL)
(
¯`
Lγ
µνjL
)
+ h.c. , (92)
where ` = e, µ and the coefficients (Cτ`L )ij read
(Cτ`L )ij = δi3δ`j +
v2
Λ2
y2t λ
u
33
[
3(C1 − C3)δijλe`3 + 6C3(δ`jλei3 + δi3λe`j)
] log(Λ/mEW )
16pi2
. (93)
Notice that the term in (Cτ`L )ij proportional to δijλ
e
`3 generates exclusively LFV processes,
while the one proportional to δi3λ
e
`j + δ`jλ
e
i3 contains also lepton flavor conserving contribu-
tions which can therefore interfere with the SM amplitude. We stress that the NP part of
(Cτ`L )ij is entirely generated by running effects from Λ to mEW driven by the top yukawa
interactions (and therefore proportional to y2t ) while gauge contributions (proportional to
g21,2) are absent. Moreover, the operator (ν¯iLγµτL)
(
¯`
Lγ
µνjL
)
is not renormalised below the
EW scale by QED interactions. The latter point can be easily understood using the Fiertz
identity (ν¯iLγµτL)
(
¯`
Lγ
µνjL
)
= (ν¯iLγµνjL)
(
¯`
Lγ
µτL
)
and remembering that the charged lep-
ton current
(
¯`
Lγ
µτL
)
is protected from renormalization effects by the QED Ward identity
which stems from the electric charge conservation. LFUV in τ → `νν¯ is described by the
observables
Rτ/eτ =
B(τ→µνν¯)exp/B(τ→µνν¯)SM
B(µ→eνν¯)exp/B(µ→eνν¯)SM R
τ/µ
τ =
B(τ→eνν¯)exp/B(τ→eνν¯)SM
B(µ→eνν¯)exp/B(µ→eνν¯)SM , (94)
and are experimentally tested at the few‰ level [38]
Rτ/µτ = 1.0022± 0.0030 Rτ/eτ = 1.0060± 0.0030 . (95)
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R
τ/`
τ can be expressed in terms of the coefficients (Cτ`L )ij as follow,
Rτ/eτ =
∑
ij |(CτµL )ij|2∑
ij |(CµeL )ij|2
Rτ/µτ =
∑
ij |(CτeL )ij|2∑
ij |(CµeL )ij|2
. (96)
Keeping only linear terms in the NP contributions we find
Rτ/`τ ' 1 +
v2
Λ2
y2t λ
u
33λ
e
33
3C3
4pi2
log
Λ
mEW
≈ 1 + 0.008C3
Λ2(TeV2)
, (97)
where in the last approximation we have set yt = λ
u
33 = λ
e
33 ' 1 and Λ = 1 TeV in the
logarithm.
3.3.4 Neutrino trident production
Our purely leptonic effective Lagrangian induces also the neutrino-nucleus scattering νµN →
νµNµ
+µ−, the so-called neutrino trident production (NTP) process (see, e.g. Ref. [39]).
Within the SM, NTP is generated by the exchange of both the W and Z vector bosons. The
effective Lagrangian relevant for the NTP is
LNTPeff = −
GF√
2
[
µ¯γµ
(
CV − CAγ5
)
µ
] [
ν¯γµ(1− γ5)ν
]
, (98)
where CV/A = C
SM
V/A + C
NP
V/A, C
SM
V =
1
2
+ 2s2θ and C
SM
A =
1
2
. In our model, CNPV/A read
CNPV = −
v2
32pi2Λ2
[
(ξνeL2222 + ξ
νeR
2222) log
Λ
mEW
+ 2 δξνe2222 log
mEW
µ
]
, (99)
CNPA = −
v2
32pi2Λ2
[
(ξνeL2222 − ξνeR2222) log
Λ
mEW
]
, (100)
where
ξνeL2222 =λ
e
22λ
u
33y
2
t
[
12C3 − 12s2θ(C1 + C3)
]
+
4
3
e2λe22 (C1 + 3C3) , (101)
ξνeR2222 =−12λe22λu33y2t s2θ (C1 + C3) +
4
3
e2λe22 (C1 + 3C3) , (102)
δξνe2222=λ
e
22
4
3
e2
[
(C1+3C3)− 2(C1+C3)
(ˆ
λu33 log
mt
µ
+λˆu22 log
mc
µ
)
+(C1−C3)λˆd33 log
mb
µ
]
.
(103)
In terms of the coefficients CV and CA, the inclusive cross section is proportional to C
2
V +
C2A [39] and therefore, at leading order in the NP contribution, we have(
σSM+NP
σSM
)
NTP
' 1 + 2 (C
SM
V C
NP
V + C
SM
A C
NP
A )
(CSMV )
2 + (CSMA )
2
, (104)
with the running scale µ replaced by a constituent mass µˆ ≈ 1 GeV. On the other hand, the
experimental data and the SM prediction are in the following ratio [39](
σexp.
σSM
)
NTP
= 0.82± 0.28 . (105)
From a numerical analysis we find that (σSM+NP/σSM)NTP − 1 ≈ −8 × 10−3(C3 − 0.5C1)λe22
quite below the current experimental resolution.
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3.3.5 τ LFV
The purely leptonic and semileptonic parts of our effective Lagrangian generate LFV processes
such as τ→µ`` and τ→µP with P =pi, η, η′, ρ, etc. In the case of τ → µ`` we find
B(τ → µ``)
B(τ → µνν¯) =
(
v2
32pi2Λ2
)2 [
(1 + δ`µ)
(
ξeLeL23`` log
Λ
mEW
+ δξeLe23`` log
mEW
µˆ
)2
+(
ξeLeR23`` log
Λ
mEW
+ δξeLe23`` log
mEW
µˆ
)2 ]
, (106)
where
ξeLeL23`` = λ
e
23
[
4
3
e2(C1 − 3C3)− 12(−1
2
+ s2θ) y
2
t λ
u
33(C1 − C3)
]
ξeLeR23`` = λ
e
23
[
4
3
e2(C1 − 3C3)− 12 s2θ y2t λu33(C1 − C3)
]
δξeLe23`` = λ
e
23
4
3
e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log
mt
µˆ
+ λˆu22 log
mc
µˆ
) + (C1 + C3)λˆ
d
33 log
mb
µˆ
]
.
where µˆ ≈ 1 GeV is the common constituent mass for the light quarks. If C1 − C3 ∼ O(1),
the leading effects to B(τ → µ``) stem from top-yukawa interactions and we end up with the
following numerical estimate
B(τ → 3µ) ≈ 5× 10−8 (C1 − C3)
2
Λ4(TeV4)
(
λe23
0.3
)2
, (107)
to be compared with the current experimental bound B(τ → 3µ) ≤ 1.2 × 10−8 [37]. Notice
that in our framework it turns out that 1.5 . B(τ→3µ)/B(τ→µee) . 2. On the other hand,
in scenarios where C1 = C3, top-yukawa contributions vanish and B(τ → 3µ) is dominated
by the electromagnetic interactions. The resulting B(τ → 3µ) for Λ = 1 TeV, λe23 = 0.3
and C1 = C3 = 1 is B(τ → 3µ) ≈ 4 × 10−9, yet within the future expected experimental
sensitivity.
We turn now to the processes τ → µρ and τ → µpi. Employing the general formulae of
Ref. [40], we find
B(τ → µρ)
B(τ → ντρ) =
(
v2
32pi2Λ2
)2
1
2 cos2 θc
(
(ξeLuL2311 − ξeLdL2311 + ξeLuR2311 − ξeLdR2311 ) log
Λ
mEW
+
2(δξeLu2311 − δξeLd2311) log
mEW
µˆ
)2
, (108)
where θc is the Cabibbo angle, B(τ → ντρ) ≈ 25% and we have defined
ξeLuL2311 = λ
e
23
[
−8
9
e2(C1 − 3C3)− 12(1
2
− 3
2
s2θ)y
2
t λ
u
33(C1 − C3)
]
,
ξeLdL2311 = λ
e
23
[
4
9
e2(C1 − 3C3)− 12(−1
2
+
1
3
s2θ) y
2
t λ
u
33(C1 − C3)
]
,
27
ξeLuR2311 = λ
e
23
[
−8
9
e2(C1 − 3C3) + 8 s2θ y2t λu33(C1 − C3)
]
,
ξeLdR2311 = λ
e
23
[
4
9
e2(C1 − 3C3)− 4 s2θ y2t λu33(C1 − C3)
]
,
δξeLu2311 = −λe23 ·
8
9
e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log
mt
µˆ
+ λˆu22 log
mc
µˆ
)
]
,
δξeLd2311 = λ
e
23
4
9
e2
[
(C1 − 3C3)− 2(C1 − C3)(λˆu33 log
mt
µˆ
+ λˆu22 log
mc
µˆ
) + (C1 + C3)λˆ
d
33 log
mb
µˆ
]
.
A numerical estimate for B(τ → µρ) is given by
B(τ → µρ) ≈ 5× 10−8 (C1 − 1.3C3)
2
Λ4(TeV4)
(
λe23
0.3
)2
, (109)
where the current bound is B(τ →µρ) ≤ 1.5× 10−8. Finally, the B(τ → µpi) expression is
B(τ → µpi)
B(τ → ντpi) =
(
v2
32pi2Λ2
)2
1
2 cos2 θc
(
(ξeLuL2311 − ξeLdL2311 − ξeLuR2311 + ξeLdR2311 ) log
Λ
mEW
)2
, (110)
where B(τ → ντpi) ≈ 11%. We notice that, since the pi meson is a pseudoscalar, B(τ → µpi)
does not receive contributions from electromagnetic interactions. The full result is well
approximated by the following numerical expression
B(τ → µpi) ≈ 8× 10−8 (C1 − C3)
2
Λ4(TeV4)
(
λe23
0.3
)2
, (111)
where the current bound reads B(τ → µpi) ≤ 2.7× 10−8 [37].
3.4 Numerical analysis
In previous paragraphs we have analysed the challenges raised by individual observables to a
common explanation of B anomalies through left-handed currents, the main outcome being
that LFV and LFUV processes triggered at one loop play a major role in constraining such
scenarios. However, it is only through a global analysis that we can appreciate the interplay
between different constraints and correctly quantify the effects induced by the full low-energy
effective Lagrangian derived in this paper. As discussed at the beginning of this section, we
can fully parametrize our setup using C1,3/Λ
2, λd,e23 . It is thus relatively easy to scan the
parameter space of the model. We let the parameters vary within the following windows:
−4 TeV−2 ≤ C1,3
Λ2
≤ +4 TeV−2 1 TeV ≤ Λ ≤ 10 TeV
0 ≤ |λe23| ≤ 0.5 (112)
0 ≤ |λd23| ≤ 0.5 or 0.01 ≤ |λd23| ≤ 0.2 .
We display our main results in fig. 5, 6 and 7, where the obtained limits are defined by the
2σ uncertainties of the observable quantities, assumed to be uncorrelated. Notice that the
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Figure 5: Impact of one-loop-triggered constraints when addressing the B anomalies through left-
handed currents, for two different C1 vs. C3 configurations (left : C1 = 0, right : C1 = C3). For
C1 = C3, simultaneously imposing all bounds is actually equivalent to impose R
τ/`
τ alone. In the
scan the parameters varied in the following ranges: C1,3/Λ
2 ∈ {−4, 4} TeV−2, Λ ∈ {1, 10} TeV,
|λd,e23 | ∈ {0, 0.5}. All bounds refer to 2σ uncertainties.
Figure 6: Left (right): Correlation Br(τ → 3µ) vs. Br(B → Kτµ) (Br(τ → 3µ) vs. Br(τ →
µρ)) within our model, while satisfying all other bounds but R
τ/`
D(∗) , for two different C1 vs. C3
configurations. In the scan the parameters varied in the following ranges: C1,3/Λ
2 ∈ {−4, 4} TeV−2,
Λ ∈ {1, 10} TeV, |λe23| ∈ {0, 0.5}, λd23 ∈ {−0.2,−0.01}. All bounds refer to 2σ uncertainties.
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Figure 7: Correlation between R
τ/`
τ and R
τ/`
D(∗) predictions when scanning the parameter space of
the model (see Fig. 6 for details about the scan). The 2σ lower limit for the R
τ/`
D(∗) anomaly and the
combined 2σ bounds of R
τ/µ
τ and R
τ/e
τ are also shown.
choice C1,3/Λ
2 ∈ {−4, 4} TeV−2 is by no means restrictive, since values out of this range
are excluded by Z decays and τ LFUV phenomenology. Moreover, although the full allowed
range for |λd23| is {0, 0.5}, it is reasonable to assume |λd23| to be close to the Vcb value, in order
to avoid too much fine tuning when reproducing the VCKM matrix. This is the reason for
the chosen |λd23| range in Figs. 6, 7, the sign being the correct one to reproduce the Rµ/eK(∗)
anomaly.
In fig. 5 we can appreciate the impressive impact of the LFV and LFUV bounds from
lepton phenomenology, for two typical choices of the parameters C1,3, namely C1 = 0 and
C1 = C3. The black dots are parameter configurations allowed by tree-level semileptonic
bounds, i.e. those discussed in section 3.2. When C1 = 0, LFUV in Z decays represents the
single most powerful constraint, while for C1 = C3 there is a partial cancellation of the loop-
induced effects in Z-pole and LFV observables. In this case the constraint coming from R
τ/µ
τ
is the strongest one. In both cases values of R
τ/`
D(∗) exceeding 1.05 cannot be accomodated. In
Fig. 7, the same conclusion is reinforced by the comparison between the R
τ/`
D(∗) prediction and
the most challenging LFUV observable, R
τ/`
τ , which tests LFUV in purely leptonic decays.
We have collectively called R
τ/`
τ the two observables R
τ/µ
τ and R
τ/e
τ discussed in section 3.3.3,
whose predictions are equal at leading order in our model, see eq. (97). In particular, the
experimental value of R
τ/e
τ , which is 2σ away from the SM prediction and which has not been
considered in Fig. 5 to remain on the conservative side, further reduces the allowed R
τ/`
D(∗)
departure from the SM prediction. Finally, plots of Fig. 6 deal with the LFV predictions of
our model, while satisfying all the other bounds, but the R
τ/`
D(∗) anomaly, otherwise no points
would survive the scan. Also in these plots we choose the two representative values C1 = 0
and C1 = C3. In the left plot, we study the correlation between the predictions for the LFV
semileptonic B → Kτµ and leptonic τ → 3µ decays. An important result of the present
analysis is that the process τ → 3µ is a much more sensitive probe of the scenario under
discussion, due both to the better proximity of the predicted Br(τ → 3µ) to the current
experimental bound, and to the expected improvements of such bound in the near future
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compared to the challenging semileptonic B → Kτµ process. The right plot illustrates the
comparable potential of other LFV τ decays compared with τ → 3µ. In particular, the
τ → µρ channel is rather equivalent to τ → 3µ, both in terms of predictions and sensitivity.
As another example, the τ → µpi channel, not displayed in Fig. 6, has analogous predictions
to τ → µρ for the C1 = 0 case, but it suffers a cancellation which reduces the predicted
branching ratio for C1 ≈ C3, as can be seen in eq. (111).
In conclusion, a simultaneous explanation of both the R
τ/`
D(∗) and R
µ/e
K(∗) anomalies is
strongly disfavoured in the present framework, where NP at the TeV scale mainly affects
left-handed currents3. Quite independently on the relative weight between C1 and C3, the
current data on R
τ/`
τ forbid values of R
τ/`
D(∗) exceeding 1.05. Leaving aside the R
τ/`
D(∗) anomaly,
in the present framework a significant room is available for LFV effects. However, our results
contradict the widespread opinion that B → Kτµ is the most promising channel to test these
effects, since the best probes of LFV effects are by far the τ decays.
4 Relevance for specific NP models
In the previous sections we focused on a model-independent analysis of the B anomalies based
on the effective Lagrangian L0NP (Λ) of eq. (7), which was constructed under the following
assumptions:
(i) NP mainly affects V − A semileptonic fermion currents, i.e. only the operators O(1)`q
and O
(3)
`q are present at the scale Λ;
(ii) a basis exists where NP affects only the third fermion generation. Such a basis is
approximately aligned to the mass basis in the quark sector.
Notice that we have supplemented the assumption (ii) by the additional requirement
of approximate alignment between the quark mass basis and the basis where NP mainly
affects the third generation 4. Such requirement is an output of our analysis and represents
a necessary condition to simultaneously accommodate the anomalies in B → Kµ+µ− and
B → D(∗)τν. In our framework this condition translates into the requirement that the unitary
matrix Vd is close to the identity matrix. In the SM the matrices Vu,d are not physical, only
their combination VCKM is. In our setup the NP effects in lighter generations arise through
the rotation to the mass basis after EWSB, see eqs. (18) and (19), and are controlled by
Vu,d. In particular we need |Vd32|  |Vd33| to enforce |λd23|  |λd33| which guarantees a correct
interplay between the SM and NP contributions to the NC and CC anomalies, see eqs. (53)
and (58).
In this section, we want to discuss how far our conclusions depend upon the above as-
sumptions and to what extent such assumptions hold in specific NP scenarios. Assumption i)
can be realised by the tree-level exchange of a limited number of mediators. If we restrict to
3In principle, such a conclusion could be invalidated by large cancellations among different NP contri-
butions entering R
τ/`
τ with a required fine-tuning of order 10% [41, 42]. So far, no UV-complete model
accomplishing this task appeared in the literature.
4Of course there are two distinct mass basis in the quark sector, slightly misaligned by the CKM mixing
matrix. The above statement refers to an approximate alignment to any of these two basis.
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spin 0 and spin 1 mediators, there are only six possibilities, listed in table 11. There are only
two color-singlet mediators, either an electroweak singlet Aµ or a triplet A
a
µ. Their tree-level
exchange gives rise to the operators O
(1)
lq and O
(3)
lq , respectively. Therefore, models containing
only massive fields Aµ can address the R
µ/e
K(∗) but not the R
τ/`
D(∗) anomalies [43, 24, 33]. On the
other hand, both Aµ and A
a
µ generate purely four-lepton and four-quark interactions which,
in turn, induce very dangerous tree-level effects for processes like τ → 3µ and Bs−B¯s mixing.
In principle, the effects of tree-level four-lepton interactions can compete with or dominate
over the loop-induced effects discussed in the present paper anomalies [43, 24, 33].
Moreover, there are four types of lepto-quark (LQ) mediators giving rise to O
(1)
lq and O
(3)
lq
at the tree-level [44]. Two have spin one, Uµ and U
a
µ , and two have spin zero, S and S
a. In
the case of the spin zero electroweak singlet S, it turns out that C1 + C3 = 0 and therefore
R
µ/e
K(∗) is not modified. This conclusion remains true even after the inclusion of electroweak
RGE effects, at least when NP affects a single generation. Out of the LQ mediators, the
spin 1 electroweak singlet Uµ partially evades the bound from B → K(∗)νν¯, since it produces
operators satisfying the the tree-level condition C1 − C3 = 0. However, as pointed out in
Ref. [21] and thoroughly discussed in Section 3.2.2, such condition is not RGE stable and a
contribution to B → K(∗)νν¯ is generated at one-loop via electroweak effects. Notice that, in
contrast to the case of color-singlet mediators, at the tree-level LQs do not give rise neither to
four-quark nor to four-lepton operators and therefore the corresponding indirect constraints
from low-energy processes are significantly relaxed. The new bounds arising from Z-pole
observables and τ decays discussed in Section 3.3 potentially affects all models of table 11.
Field Spin Quantum Numbers Operator C1 C3
Aµ 1 (1, 1, 0) q¯
′
Lγ
µq′L ¯`
′
Lγµ`
′
L −1 0
Aaµ 1 (1, 3, 0) q¯
′
Lγ
µτaq′L ¯`
′
Lγµτ
a`′L 0 −1
Uµ 1 (3, 1,+2/3) q¯
′
Lγ
µ`′L ¯`
′
Lγµq
′
L −12 −12
Uaµ 1 (3, 3,+2/3) q¯
′
Lγ
µτa`′L ¯`
′
Lγµτ
aq′L −32 +12
S 0 (3, 1,−1/3) q¯′Liσ2`′cL iσ2`′cLq′L +14 −14
Sa 0 (3, 3,−1/3) q¯′Lτaiσ2`′cL iσ2`′cLτaq′L +34 +14
Table 11: Spin zero and spin one mediators contributing, at tree-level, to the Lagrangian L0NP (Λ)
of eq. (7). Also shown are the operators they give rise to and the contribution to the coefficients
C1 and C3 of the Lagrangian L0NP (Λ), when a single fermion generation is involved.
Assumption (ii) plays an important role in our analysis since it allows to strictly correlate
the one-loop induced LFV and LFUV processes to the anomalous B decays. In many specific
SM extensions invoked to solve the B-anomalies NP mainly affects the third quark generation,
but our analysis shows that the near alignment between the primed basis and the quark mass
basis is an additional very relevant condition. To better illustrate this point, we can consider
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a slightly more general starting point, described by the NP effective Lagrangian:
L0NP (Λ) =
1
Λ2
(
C1 q¯
′
LQγ
µq′L ¯`
′
LLγµ`
′
L + C3 q¯
′
LQγ
µτaq′L ¯`
′
LLγµτ
a`′L
)
, (113)
where Q and L are hermitian matrices in flavour space and generation indices are understood.
The previous results are recovered when Q = L = diag(0, 0, 1). Concerning the lepton flavour
matrix L, for simplicity we still choose L = diag(0, 0, 1), but we observe that the LFUV
phenomenology is controlled by the diagonal entries of Le = V †e LVe and can be equally
parametrized even considering a more general form of L. Such a general form would instead
affect LFV processes, with predictions departing from our results.
Without loss of generality Q can be assumed diagonal in the primed basis. In this more
general setup our results are still valid to a very good approximation, provided the following
two conditions are fulfilled:
1. The matrix Q has a non-vanishing trace and |Q11| ≤ |Q22| ≤ |Q33|.
2. The primed basis is approximately aligned with the quark mass basis, that is the unitary
transformations Vu,d are close to the identity.
These two conditions extend the assumption (ii) by relaxing the requirement that NP dom-
inantly affects the third generation. It is not restrictive to assume assume tr(Q) = +1, by
absorbing the size and the sign of tr(Q) into the Wilson coefficients C1,3. In this more general
setup the deviations δR
µ/e
K and δR
τ/`
D(∗) from the SM predictions are described by
δR
µ/e
K ≈ −
2pi
α|Vts||CSM9 |
v2
Λ2
(C1 + C3)Q
d
23λ
e
22 ,
δR
τ/`
D(∗) ≈ −
2v2
Λ2
C3
(
Vcd
Vcb
Qd13 +
Vcs
Vcb
Qd23 +Q
d
33
)
λe33 , (114)
where, in analogy with λd, we have defined Qd = V †dQVd. Loop effects proportional to the
gauge coupling constants g21,2 are unchanged, since they are controlled by tr(Q). Loop effects
proportional to y2t are obtained by the replacement:
y2t λ
u
33 → y2t (VCKMQdV †CKM)33 . (115)
Conditions 1. and 2. guarantees that the NP contributions to R
µ/e
K and R
τ/`
D(∗) are of the same
order. In particular, δR
µ/e
K is proportional to |Qd23| while, for sufficiently small (Vd)ij (i 6= j)
the deviation δR
τ/`
D(∗) becomes proportional to |Qd33|  |Qd23|, thus allowing to overcome the
enhancement 1/α in δR
µ/e
K . Moreover in this regime we have Q
d
33 ≈ (VCKMQdV †CKM)33, which
supplies the strict link between R
τ/`
D(∗) and the loop effects that are the object of our analysis.
Notice that, provided Vd is sufficiently close to the identity matrix, the elements of Q can
also be of the same order. For instance a nearly degenerate matrix Q, arising for instance by
an approximate SU(3) flavor symmetry in the quark sector, would still give rise to the loop
effects discussed above. Of course for non-vanishing Q11 and Q22 we should carefully check
whether the constraints coming from processes involving quarks of the first two generations
are satisfied.
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The assumption that NP mainly affects the third quark generation can be relevant in NP
scenarios where the Lagrangian (7) arises from LQ exchange. Indeed, when integrating out
LQ, we would get contact interactions of the type
λlq †jmλ
lq
ki (q¯Liγ
µXaqLj) (¯`LkγµX
a`Lm) (spin 0 LQ)
λlq †imλ
lq
kj (q¯Liγ
µXaqLj) (¯`LkγµX
a`Lm) (spin 1 LQ) (116)
where Xa = (1, τa) and the flavour structure is described by the matrix λlq. If λlq has rank 1
it can be decomposed as λlqij = θ
`
iθ
q
j . In this case we can always define λ
lq †
imλ
lq
kj = λ
q
ijλ
l
km with
λl,q matrices of rank 1 and we recover the flavour structure assumed in this paper.
Finally it is interesting to note that the assumption (ii) above is approximately realized
in a class of models where the matrices λf have the following pattern:
λf =
1
c
·∆f Yf ∆†f ∆f =
 αf βf
1
 , (117)
where c = tr(∆f Yf ∆
†
f ), |α|  |β|  1 and Yf are real matrices with entries of order one:
(Yf )ij ∼ O(1). For αf  βf  1 the eigenvalues of λf are approximately 1, β2f and α2f and
the unitary matrices needed to diagonalize λf are close to the identity. The matrices λf of
our setup, eq. (18), are recovered by taking
Yf =
 1 1 11 1 1
1 1 1
 . (118)
Matrices λf of the type in eq. (117) typically arise in models with flavour symmetries,
such as abelian Froggatt-Nielsen symmetries or non-abelian U(2) symmetries, or in models
where fermion masses are generated through the mechanism of partial compositeness. In all
these scenarios, our conclusions still holds semi-quantitatively, i.e. up to O(1) corrections and
barring accidental cancellations.
In the remaining of this section, we will briefly discuss different popular NP scenarios to
explicitly analyse to what extent our assumptions hold and our conclusions can be applied.
4.1 Models with Minimal Flavour Violation
In the Minimal Flavour Violation (MFV) framework [45], one assumes that the SM Yukawa
couplings are the only sources of flavour breaking. Within this scheme, the most relevant
FCNC four-fermion operators in the quark sector are of the form (V −A)× (V −A) as they
are sensitive to the top yukawa coupling. In particular, the expression of Qd in MFV reads:
Qdij = (a1 + b Y
†
UYU)ij ≈ a δij + b y2t (VCKM)∗3i(VCKM)3j , (119)
where a and b are real parameters. If a = 0, after appropriate rescaling of C1,3, eq. (119) is
clearly equivalent to eq. (18), with αd∝ (VCKM)∗31, βd∝ (VCKM)∗32. As discussed above also
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the case a 6= 0 can fulfill the more general conditions 1. and 2., provided |a| ≤ |a+ by2t |. The
implementation of MFV in the lepton sector is not unique due to the ambiguity related to
the neutrino masses. Assuming massless neutrinos, it turns out that
Leij ≈ (a′ + b′ y2`i) δij . (120)
Even though lepton flavor is conserved, LFUV is generated by the lepton Yukawa couplings
y`i . By assuming that a
′ = 0, Leij has approximately rank 1. The relative size of LFUV in
the µ/e and τ/µ sectors is of order (mµ/mτ )
2 which roughly corresponds to a loop factor.
Therefore, in principle, MFV seems to be a promising setup where to accommodate simul-
taneously the R
τ/`
D(∗) and R
µ/e
K(∗) anomalies [20]. However, this possibility is challenged by the
quantum effects discussed in [21] and in the present paper.
4.2 Models with U(2) flavour symmetries
Many explicit models proposed to address the B anomalies, involving left-handed vector
interactions mediated by e.g. Z ′ or leptoquarks, rely on a U(2) flavour breaking pattern [46,
41, 42]. Common feature of models with U(2) flavour symmetries is the existence of small
flavour symmetry breaking parameters which suppress the coupling of NP with the first two
fermion generations. We will collectively call  such small U(2)-breaking terms.
In the case of a color-singlet mediator we can easily see that, after suitable rescaling, Q
and L take the form [46, 41, 42]: 0 ~aQ,L
~a†Q,L 1
+O(2) , (121)
where ~aQ,L are generic O(1) spurions of the underlying model.5 For LQ mediators, we should
first show that the flavour structure of the LQ model can be recast as in eq. (113). As
discussed above, a special case where this is granted is when λlq is rank 1, see eq. (116).
This is actually the case, since λlq assumes the same form as in eq. (121) and thus has rank
1 (up to corrections O(2)). In conclusion, our analysis holds at least semi-quantitatively in
scenarios with U(2) flavour symmetries.
5 Discussion
Our results apply to the wide class of models where NP at the TeV scale mainly affects
left-handed currents and the third generation. In this framework a simultaneous explanation
of both the R
τ/`
D(∗) and R
µ/e
K(∗) anomalies is strongly disfavoured. Therefore, it is important to
examine in more detail the assumptions and the approximations made in our analysis. At
the same time it is of great interest to look for possible NP scenarios where our conclusions
do not necessarily apply.
5Again, we have assumed that no trivial spurion 1 arises.
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First of all our tools do not allow to fully reproduce the predictions of a UV complete
theory giving rise to the semileptonic operators considered here. In such a theory we ex-
pect finite contributions to the observables of interest, in particular the leptonic Z coupling
constants and the τ LFUV/LFV decays, beyond the leading logarithmic corrections explic-
itly computed here. Depending on the specific model, significant cancellations of the most
constraining effects may take place when summing finite and logarithmic contributions. In
such a case, our conclusions would be softened or even invalidated. Such finite contributions
can originate already at the NP scale Λ. This is why in our analysis we have not included
the finite corrections originating from the matching at the various thresholds: there is an
intrinsic uncertainty due to the ignorance of the UV finite corrections and the knowledge of
the full theory would be required to remove it.
A second remark concerns the set of semileptonic operators relevant to B anomalies that
can be generated at the scale Λ by a UV complete theory. While the choice of operators with
only left-handed fermions is one of the preferred ones by the most recent fits, this does not
exclude a leading or subleasing role of other operators. It is clear that a set of operators at the
scale Λ different from the one considered here in L0NP may lead to different conclusions. This
scenario would deserve a new analysis, which goes beyond the scope of the present paper.
Moreover, also our assumption about the dominance of the third generation plays an
important role. As we have seen in the previous section, many motivated flavour patterns
predict such a dominance. However a completely different flavour pattern of semileptonic
operators cannot be a priori excluded. For instance, NP could mainly give rise to operators
selectively involving the bilinear q¯′3Lγ
µq′2L and its conjugate. This would contribute to both
CC and NC anomalies, while evading the bounds from quantum effects.
Finally, even within the assumptions and the approximations made here, both the CC
and the NC anomalies can be individually explained in our framework. It is only their
simultaneous explanation that appear strongly disfavored. For instance the experimental
value of R
µ/e
K(∗) can be reproduced by choosing λ
d
23λ
e
22 ≈ 1 and Λ/
√
Ci ≈ 30 TeV . In this case
R
τ/`
D(∗) cannot significantly deviate from the SM prediction, but the RGE effects are negligible.
Conversely, by taking λd23λ
e
33 ≈ 1 and Λ/
√
C3 ≈ 5 TeV we can fit Rτ/`D(∗) and decouple the
loop effects.
6 Conclusions
The growing experimental indication of LFUV both in charged- and neutral-current semilep-
tonic B-decays, could represent the first indirect signal of New Physics. Since the required
amount of LFUV is quite large, one would expect that other NP signals should appear in
other low- and/or high-energy observables. Indeed, in the recent literature, many studies
focused on the experimental signatures implied by the solution of these anomalies in specific
scenarios, including kaon observables, kinematic distributions in B decays, the lifetime of the
B−c meson, Υ and ψ leptonic decays, tau lepton and dark matter searches.
In particular, in Ref. [21], the importance of electroweak corrections for B anomalies
has been highlighted, assuming a class of gauge invariant semileptonic operators at the NP
scale Λ  v, a common premise in many attempts to explain the B-anomalies. The most
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important quantum effects turned out to be the modifications of the leptonic couplings of the
W and Z vector bosons as well as the generation of a purely leptonic effective Lagrangian. It
was found that the tight experimental bounds on Z-pole observables and τ decays challenge
an explanation of the LFUV observed in the charged and neutral-current channels.
In this work, we provided a detailed derivation of the relevant low-energy effective La-
grangian, extending and generalizing the results of [21]. After defining the effective La-
grangian at the NP scale Λ ∼ 1 TeV, we have discussed the required procedure of running
and matching in order to determine the effective Lagrangian at the electroweak and lower
scales. In particular, the running effects from Λ down to the electroweak scale have been
accounted for by the one-loop RGE in the limit of exact electroweak symmetry, while from
the electroweak scale down to the GeV scale by RGEs dominated by the electromagnetic
interaction. We have discussed the most relevant phenomenological implications of our setup
focusing on Z-pole observables, τ and B meson decays. As a proof of correctness of our
results, we have explicitly verified that the scale dependence of the RGE contributions from
gauge and top Yukawa interactions cancels with that of the matrix elements in the relevant
physical amplitudes. Finally, we have investigated the relevance of our results for specific
classes of NP models such as minimal flavor violating models, U(2) models and composite
Higgs models. We find that, to good approximation, our conclusions apply to these models
too, thus proving that the inclusion of electroweak quantum effects is mandatory for testing
the consistency of the models with the existing data. Our analysis shows that a simultaneous
explanation of both the R
τ/`
D(∗) and R
µ/e
K(∗) anomalies is strongly disfavoured in the adopted
framework. However this conclusion should not be regarded as a no-go theorem. There are
limitations in our approach and fine-tuned solutions invoking model-dependent finite cor-
rections that cannot be excluded. Moreover different conclusions can be expected when the
present framework is generalized, either by enlarging the set of initial operators or by allowing
different flavour patterns. We believe that the most important message of our work is that
electroweak corrections should be carefully analysed in any framework where the explanation
of B-anomalies invokes NP at the TeV scale.
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